Alternative splicing of mRNA precursors is a nearly ubiquitous and extremely flexible point of gene control in humans. It provides cells with the opportunity to create protein isoforms of differing, even opposing, functions from a single gene. Cancer cells often take advantage of this flexibility to produce proteins that promote growth and survival. Many of the isoforms produced in this manner are developmentally regulated and are preferentially re-expressed in tumors. Emerging insights into this process indicate that pathways that are frequently deregulated in cancer often play important roles in promoting aberrant splicing, which in turn contributes to all aspects of tumor biology.
Each regulatory point in the control of gene expression (which includes chromatin structure, splicing and polyadenylation of mRNA precursors, translation, and mRNA and protein stability) is subject to profound alterations during the development of most, if not all, cancers (Venables 2006; Mayr and Bartel 2009; Chi et al. 2010; Silvera et al. 2010) . Of all of these points in the gene expression pathway, none provides the potential for more diverse outcomes than alternative splicing (AS). AS, the alternative selection of splice sites present within a pre-mRNA, leads to the production of multiple mRNAs from a single gene. AS thus has the capacity to radically alter the composition and function of the encoded protein. For example, a frequent outcome of AS is the production of proteins with opposing functions, a phenomenon illustrated perhaps most dramatically by the fact that a large majority of genes encoding proteins that function in apoptotic cell death pathways give rise to either pro-or anti-apoptotic isoforms by AS (Schwerk and Schulze-Osthoff 2005) .
The plasticity offered by AS to remodel the proteome means that this process is rich with opportunities for cancer cells to subvert the process to produce proteins that suit the needs of the growing and spreading tumor. All areas of tumor biology appear to be affected by changes in AS, including metabolism, apoptosis, cell cycle control, invasion, and metastasis, as well as angiogenesis (Venables 2004; Ghigna et al. 2008 ). Many of these events appear to represent a return to isoforms normally expressed in a tightly controlled manner during development, but downregulated in most adult cells. Therefore, as in many other areas of tumor biology, the regulation of these AS events in cancer (often by a recurring cast of splicing factors, as discussed below) can be understood as a consequence of the deregulation of important developmental pathways.
Genome-wide approaches have revealed that tumorigenesis often involves large-scale alterations in AS (Venables et al. 2009 ). Such approaches have been valuable in providing insight into the regulation of splicing in cancer, and have even proven useful in the classification of tumors (Venables 2006; Skotheim and Nees 2007; Omenn et al. 2010) . While the number of AS events observed to differ in cancer has grown quickly with the use of such methods, relatively few have been demonstrated to be functionally important. Most such events instead have been discovered, often serendipitously, by investigators working in various areas of cancer biology. After a brief discussion of general splicing regulatory strategies, this review focuses on AS events for which a functional significance has been established in processes relevant to cancer biology, and for which the underlying regulatory mechanisms have been investigated. Several excellent reviews that deal with related topics have been published recently, and the reader is referred to these for additional insight into the importance of AS in development and disease (Skotheim and Nees 2007; Ghigna et al. 2008; Grosso et al. 2008; Cooper et al. 2009 ).
Regulation of AS by RNA-binding proteins (RBPs)
Pre-mRNA splicing, the joining of two exons accompanied by the removal of intronic sequence, requires a very large ribonucleoprotein (RNP) complex termed the spliceosome (Wahl et al. 2009 ). The spliceosome must be guided to the correct splice sites, so what determines which sequences will be included in the mRNA, and which will be excised and degraded in the nucleus? The answer to this question has turned out to be quite complex, especially in light of recent revelations that almost all genes produce transcripts that undergo AS, with a great deal of cell type variation in what sequences are defined as exons and included in the final mRNA . Most of the information necessary to decide which sections of pre-mRNA will be included when and where is present in the sequence of the premRNA (Barash et al. 2010 ). This information is ''read'' by RBPs that bind to RNA with varying degrees of sequence specificity and dictate the fate of the surrounding RNA sequences (Chen and Manley 2009; Nilsen and Graveley 2010) . Alterations in the levels and activity of these RBPs thus provide the primary means of AS regulation.
A number of RBPs that function to control AS have been well studied. The classical regulators of splice site choice are serine/arginine-rich (SR) proteins, which, when bound to exonic sequences known as exonic splicing enhancers (ESEs), tend to promote exon inclusion, and heterogeneous RNPs (hnRNPs), which frequently bring about exon exclusion when bound to exonic splicing silencers (ESSs) and/or intronic splicing silencers (ISSs) (Fig. 1 ). These proteins are joined by several dozen additional RBPs, some with more restricted cell type expression patterns that play important roles in a more limited number of tissue-specific AS events (for review, see Chen and Manley 2009 ). Many RBPs can act positively or negatively on exon inclusion, depending on the location of their binding sites relative to the regulated exon. This principle was demonstrated systematically by Darnell and colleagues (Ule et al. 2006) , who showed that the brainspecific Nova proteins inhibit exon inclusion when their binding sites are located within the exon, while Novabinding sites in the adjacent intron tend to promote exon inclusion.
In light of their crucial role in regulating AS, it follows that aberrant expression and regulation of RBPs likely results in the deregulation of splicing observed in cancer.
As discussed below, the production of critical AS isoforms can be a matter of life or death for cancer cells, meaning that there is strong selection for the expression of certain variants. However, as is also discussed below, most of the RBPs that regulate these important AS events have pleiotropic effects on splicing and other processes (especially translation), meaning that the critical changes in AS come as part of a wider program of RBP-mediated changes in gene expression. Most of the additional activities of these RBPs are generally consonant with the outcomes of the functionally important splicing events they govern. This indicates that cancer-associated RBPs are normally regulated as part of developmental pathways that are dysregulated at various stages of tumorigenesis. While the regulation of these RBPs is still not well understood, some new insights are available, as discussed below.
Splicing and apoptosis
Apoptosis, or programmed cell death, occurs through activation of one of several pathways present in normal cells. Because cancer cells display behavior that would normally elicit apoptosis, these cells must in some way or another suppress this process (Letai 2008 ). As mentioned above, transcripts from a significant number of genes involved in apoptosis are alternatively spliced, often resulting in isoforms with opposing roles in promoting or preventing cell death (Schwerk and Schulze-Osthoff 2005) . Apoptotic signaling pathways have been shown to alter the balance of some of these isoforms in favor of proapoptotic isoforms, indicating that altering the balance of pro/anti-apoptotic isoforms is a normal part of programmed cell death (see below).
Given the apparent importance of particular splicing decisions in regulating apoptosis, it is not surprising that the levels of certain RBPs that control these events are a determinant of whether a cell undergoes apoptotic death; the biology of some proteins implicated in the control apoptotic AS events is discussed at the end of the section. While the number of genes involved in apoptosis that are alternatively spliced is large (see Schwerk and SchulzeOsthoff 2005) , here we focus on a few well-studied examples for which insight into the relevant splicing regulatory mechanisms is available.
Bcl-x
One of the earliest discovered examples of AS creating opposing isoforms in apoptosis is Bcl-x. The Bcl-x premRNA can be alternatively spliced to produce two isoforms: Bcl-x(L), which has anti-apoptotic effects, and Bclx(s), which promotes apoptosis (Boise et al. 1993 ). The two isoforms arise from AS at two competing 59 splice sites in exon 2, the first coding exon of the Bcl-x transcript ( Fig. 2A) . Expression of Bcl-x(L), like Bcl-2, was found to prevent cell death after growth factors were removed from the medium (Boise et al. 1993) . The shorter isoform antagonized the protective effects of both Bcl-2 and Bclx(L), and the expression of Bcl-x(s) alone was sufficient to induce apoptotic cell death in a wide range of cancer cell Figure 1 . Combinatorial control of splicing by RBPs. In this schematic, a regulated exon (yellow) is flanked by two constitutively spliced exons (blue). Regulatory elements lying within the exon are known as ESEs and ESSs, while intronic regulatory elements are referred to as intronic splicing enhancers (ISEs) and ISSs. The trans-acting factors that bind to these elements can be regulated by changes in intracellular levels, as well as posttranslational modifications that affect their cellular localization or activity. The balance of positive-and negative-acting factors present in a given cell determine the extent of regulated exon inclusion.
types (Boise et al. 1993; Clarke et al. 1995; Minn et al. 1996) .
High Bcl-x(L)/Bcl-x(s) ratios are observed in a variety of cancer types, consistent with an important role for the long isoform in cancer cell survival (Xerri et al. 1996; Olopade et al. 1997; Takehara et al. 2001) . This likely reflects a reduction in Bcl-x(s) in cancer, as an examination of endometrial carcinomas showed a down-regulation of Bcl-x(s) mRNA compared with normal endometrial tissue, with the extent of Bcl-x(s) down-regulation correlated with clinical staging . Illustrating the importance of this AS event to cancer cells, an antisense oligonucleotide complementary to the Bcl-x(L) isoform 59 splice site shifted splicing of Bcl-x to the Bclx(s) isoform, and was sufficient to induce apoptosis in a prostate cancer (PCa) cell line (Mercatante et al. 2002) .
A variety of signals and effectors that regulate Bcl-x AS have been identified. Prompted by reports that Sam68 overexpression can result in apoptosis in NIH-3T3 cells (Babic et al. 2006) , and their observation that Sam68 interacts with the Bcl-x mRNA, Sette and colleagues (Paronetto et al. 2007 ) investigated a possible role for this protein in Bcl-x splicing. Overexpression of Sam68 in 293 cells resulted in an increase in Bcl-x(s) isoform, consistent with the proapoptotic effects observed upon Sam68 overexpression (Taylor et al. 2004; Paronetto et al. 2007 ). Interestingly, Sam68 phosphorylation by the Src-like tyrosine kinase Fyn reversed the effects of Sam68 overexpression, switching splicing of Bcl-x back to the long isoform. This result indicates that, in the presence of Sam68, growth factors or other signals that activate Fyn or other tyrosine kinases are necessary to maintain expression of Bcl-x(L), providing an additional connection between mitogenic signaling pathways and regulation of apoptosis.
While mitogenic signaling pathways have been implicated in maintaining high levels of Bcl-x(L), a proapoptotic pathway initiated by the sphingolipid ceramide has been suggested to promote Bcl-x(s) splicing Pettus et al. 2002) . Ceramide activates the serine/ threonine phosphatases PP1 and PP2A, and treatment of cells with an inhibitor of PP1 negated the effects of ceramide on Bcl-x splicing . Ceramideinduced activation of PP1 has been shown to result in widespread dephosphorylation of SR proteins, although no direct connection between this event and Bcl-x splicing has been established (Chalfant et al. 2001) . The RBP SAP155, best known as a member of the SF3b complex that associates with the U2 snRNP, has been shown to bind to a ceramide-responsive element present in the Bclx pre-mRNA and is necessary for the effects of ceramide on Bcl-x splicing (Massiello et al. 2006) . Incidentally, SAP155 is a known target of PP1/PP2A prior to the second step of splicing (Shi et al. 2006) . It is tempting to speculate that dephosphorylation of SAP155 by PP1 has a role in regulating Bcl-x splicing. In a separate pathway, expression of the transcription factor E2F1, which can promote apoptosis, resulted in an increase in Bcl-x(s) (Merdzhanova et al. 2008) . Depletion of the SR protein SRSF2 (formerly SC35) (Manley and Krainer 2010) , which is specifically induced by E2F1, reversed this effect, implicating SRSF2 in regulation of Bcl-x splicing.
Caspase-2
Caspase-2 is a highly conserved cysteine protease first identified as a mammalian homolog of the CED-3 caspase in Caenorhabditis elegans (Wang et al. 1994) . While it was first implicated in apoptosis on the basis of its similarity to CED-3, it has since been shown to act as a tumor suppressor that participates in a wide variety of cellular processes (Ho et al. 2009; Kumar 2009 ). Caspase-2 mRNA is alternatively processed to produce multiple isoforms (Fig. 2B) . The predominant form in most tissues, caspase-2L, produces a full-length protein with proapoptotic properties (Wang et al. 1994 ). However, in certain differentiated tissues such as brain and skeletal muscle, an additional mRNA isoform containing an additional 61-nucleotide (nt) exon (exon 9) was detected (Wang et al. 1994) . Inclusion of this exon results in a frameshift leading to the introduction of a premature termination codon (PTC) in the mRNA, creating a short-lived nonsense-mediated decay (NMD) substrate (Solier et al. 2005) . It is unclear under what circumstances caspase-2S mRNA might be stabilized, and conclusive evidence that it is translated is still lacking (Kitevska et al. 2009 ). In any event, when expressed from cDNA, the truncated product of the caspase-2S mRNA was shown to protect against cell death in some contexts (Wang et al. 1994; Droin et al. 2001) .
While the existence of the caspase-2S protein remains to be demonstrated conclusively (Kitevska et al. 2009 ), alignment of caspase-2 gene sequences from multiple organisms reveals that E9 and the sequences flanking it are, in fact, highly conserved throughout vertebrates (in fact, E9 is among the most highly conserved portions of the gene) (Fig. 3A) . This leaves little doubt that E9 inclusion plays an important role at some point in development. One clue to a potential function of E9 inclusion comes from a recent study that identified a class of AS event in which increased inclusion in differentiated cells of a PTC-inducing exon acts as a means of posttranscriptional gene control, resulting in NMD-mediated down-regulation of the gene product (Barash et al. 2010) . Caspase-2 expression has been shown to be reduced in the developing retina, where the 2L isoform is down-regulated with a concomitant increase in a small amount of detectable 2S isoform, indicating that E9 inclusion may be a mechanism for developmental control (Kojima et al. 1998) .
Whether exon 9 inclusion in caspase-2 results in the production of an anti-apoptotic protein or simply results in reduction of caspase-2 mRNA levels through NMD, it is clear that production of the 2S isoform would favor survival of cancer cells, making its regulation of interest. Early experiments showed that overexpression of hnRNP A1 promoted inclusion of E9 in a minigene construct, while overexpression of SRSF2 resulted in the opposite effect (Jiang et al. 1998 ). The RNA cis-elements responsible for the effects of hnRNP A1 and SRSF2 were not identified, but an element in intron 9 (I9) termed In100 was shown to contain binding sites for another hnRNP protein, polypyrimidine tract-binding protein (PTB), from which it repressed E9 inclusion (Cote et al. 2001b ). In100 also contains a ''decoy'' 39 splice site capable of forming nonproductive spliceosome-like complexes with the E9 59 splice site (Cote et al. 2001a,b) . E9 inclusion is promoted by the RBP RBM5. RBM5 binds to an element in I9 to promote E9 exclusion, producing the full-length proapoptotic isoform of caspase-2 (Fushimi et al. 2008) .
In addition to RBPs, promoter choice appears to affect caspase-2 splicing. Corcos and colleagues (Logette et al. 2003) demonstrated that caspase-2S and caspase-2L mRNAs derive from different transcription start sites and contain different 59 untranslated exons. It is known that alternative promoters can have a profound impact on AS patterns (Kornblihtt 2005) , and caspase-2 splicing provides another example of this phenomenon. The importance of this phenomenon in regulating caspase-2 splicing in cancer, as well as the mechanism of promoter-dependent differential E9 inclusion, have yet to be explored.
Fas
AS of the Fas receptor pre-mRNA provides a potentially important means by which tumors cells can escape elimination by the immune system. The Fas protein (also known as CD95) is a widely expressed cell surface receptor that, when bound to Fas ligand (FasL) expressed on cytotoxic T cells, can initiate a cascade that eventually leads to cell death (Bouillet and O'Reilly 2009 ). In addition to producing the full-length mRNA, the Fas pre-mRNA can be alternatively spliced to produce a number of shorter products (Fig. 2C) . The most abundant of these is an isoform in which the 63-nt exon 6 (E6) is skipped, deleting the transmembrane domain (Cheng et al. 1994; Cascino et al. 1995) . The protein produced by the DE6 Fas isoform is soluble and capable of inhibiting Fas-mediated cell death, presumably by binding to FasL and preventing the interaction of FasL with membrane-bound Fas.
Elevated production of soluble Fas (sFas) has been observed in a wide range of cancers, as determined by Fas serum concentrations, which show a strong correlation with tumor staging (e.g., Sheen-Chen et al. 2003; KonderaAnasz et al. 2005) . Consistent with a role for AS in producing the soluble variants, examination of Fas mRNA (Kent et al. 2002) , with the exon/intron structure of each gene indicated at that top and the mammalian conservation of the corresponding regions indicated below. Conserved regions are indicated by blue bars. (A) For caspase-2, the alternatively spliced exon 9 is highly conserved, and is also flanked by conserved regions, a hallmark of regulated alternatively spliced exons. (B) The IDX exon of H-ras lies within a similarly highly conserved region. isoforms in peripheral blood mononuclear cells (PBMCs) from patients with large granular lymphocyte leukemia revealed a large increase in the DE6 isoform compared with PBMCs from healthy individuals, consistent with increased serum concentrations of sFas in these patients (Liu et al. 2002) . Studies examining the expression of Fas mRNA isoforms in other forms of cancer will be important to provide support for the idea that changes in Fas AS (as opposed to mechanisms such as proteolytic cleavage) indeed underlie the widespread appearance of sFas in cancer.
In light of the potential for Fas AS to play a role in the suppression of the anti-tumor immune response, the regulation of Fas AS has been extensively investigated. Several RBPs have been shown to be involved in promoting the production of full-length Fas mRNA. T-cell intracellular antigen-1 (TIA-1) and TIA-1-related protein (TIAR), two closely related RNA recognition motif (RRM)-containing proteins involved in apoptosis (see below), bind to U-rich sequences downstream from Fas E6 and promote its inclusion in the mRNA (Izquierdo et al. 2005) . TIA-1 binding downstream from E6 results in increased U1 snRNP recruitment, presumably through an interaction with the U1 snRNP protein U1C (Forch et al. 2002; Izquierdo et al. 2005) . Interestingly, Fas receptor activation influences the splicing of its own pre-mRNA through the activation of the Fas-associated S/T kinase (FAST K). FAST K can phosphorylate TIA-1/TIAR, potentiating their ability to activate E6 inclusion by increasing their ability to recruit U1 snRNPs to the pre-mRNA (Fig. 4; Izquierdo and Valcarcel 2007) .
A number of repressors of E6 inclusion have also been identified. Valcarcel and colleagues (Izquierdo et al. 2005) found that PTB inhibits E6 inclusion by interfering with binding of the general splicing factor U2AF to the polypyrimidine tract upstream of E6. RBM5 was also identified as an inhibitor of Fas E6 inclusion. RBM5, unlike PTB, does not disrupt early events in the recognition of E6 by the splicing machinery, but rather inhibits the pairing between spliceosomal complexes assembled on E6 and those on the neighboring exons (Bonnal et al. 2008) . Another RBP that promotes the expression of the sFas isoform is HuR, which binds to inhibitory sequences in E6 to promote its exclusion (Izquierdo 2008) .
Biological functions of apoptosis-regulating RBPs
As just discussed, a number of RBPs that affect the splicing of apoptosis-related transcripts have been identified, highlighting the possibility that these proteins are, in fact, regulators of apoptosis. Below we discuss the function and biology of some of these proteins in normal development and cancer.
TIA-1/TIAR
TIA-1 and TIAR are highly conserved and widely expressed in mammals (Beck et al. 1996) . The two proteins function in similar processes and often exhibit partial redundancy (e.g., in Fas splicing, as mentioned above). However, they are not fully redundant, as knockout of either results in embryonic lethality (Beck et al. 1998; Piecyk et al. 2000) . In addition, TIAR appears to have a unique role in germ cell development (Beck et al. 1998) . Among the earliest functions attributed to TIA-1 and TIAR was the ability to bind mRNAs and recruit them to cytoplasmic bodies (known as stress granules) in response to cellular stress such as heat shock (Kedersha et al. 1999 ). Both proteins have also been found to bind AU-rich elements (AREs) and act as translational repressors (Piecyk et al. 2000; Kawai et al. 2006; Kim et al. 2007 ). TIA-1 and TIAR have been shown to be regulators of the inflammatory response that function by silencing translation of key mediators of inflammation, such as TNF-a and COX-2 (Piecyk et al. 2000; Lopez de Silanes et al. 2005a) .
Following the realization that TIA-1/TIAR show similarity to the Saccharomyces cerevisiae U1 snRNP-associated protein Nam8, it was demonstrated that the two proteins can function as regulators of pre-mRNA splicing (Gottschalk et al. 1998; Del Gatto-Konczak et al. 2000; Forch et al. 2000) . Notable splicing substrates for TIA-1/ TIAR are Fas (discussed above) and the epithelial-specific exon IIIb in the fibroblast growth factor receptor 2 (FGFR2) pre-mRNA, which is frequently excluded during cancer progression (Del Gatto-Konczak et al. 2000; see below) . Consistent with the fact that TIA-1/TIAR can promote production of the proapoptotic form of Fas, introduction of TIA-1/TIAR into cells promotes apoptosis (Tian et al. 1991; Iseni et al. 2002) . In addition to their proapoptotic effects, TIA-1/TIAR depletion in HeLa cells was shown to result in increased proliferation (Reyes et al. 2009 ).
Given that TIA-1 and TIAR have functions associated with tumor suppressor genes (i.e., promoting apoptosis and inhibiting proliferation), alterations in the expression or regulation of these proteins might be expected to contribute to tumorigenesis in some contexts. However, there is currently little evidence for widespread down-regulation of TIA-1/TIAR in cancer. That being said, TIA-1 expression in tumors correlates strongly with responsiveness to immunotherapy for melanoma patients (Wang et al. 2002) . This result supports the idea that down-regulation of TIA-1 is indeed a means by which tumors can evade the immune system. In light of its role in processes important to the growth and survival of cancer cells, an examination of changes in TIA-1/TIAR expression and regulation during tumorigenesis is warranted.
RNA-binding motif 5 (RBM5)
RBM5 is a putative tumor suppressor that contains a large number of motifs, including a pair of RRMs, two Zn finger motifs, an RS domain, and an octamer repeat (OCRE) motif, a newly identified domain now implicated in splicing regulation (Bonnal et al. 2008) . RBM5, along with the less extensively studied proteins RBM6 and RBM10, comprises a small family of highly similar RBPs that, in at least some activities, can function redundantly (Bonnal et al. 2008) .
Evidence exists supporting the idea that RBM5 is a tumor suppressor (Sutherland et al. 2010 ). An early suggestion for this came from the presence of the RBM5 gene on a piece of chromosome 3 (3p21.3) that is frequently deleted in lung cancer. Loss of heterozygosity at this locus occurs in 95% of small-cell lung cancer (SCLC), as well as 70% of non-SCLC (Sutherland et al. 2010) . Consistent with a role as a tumor suppressor, RBM5 (also known as LUCA-15 and H37) was later shown to be down-regulated in a high proportion of lung cancers (Oh et al. 2002) . RBM5 was also one of nine genes down-regulated as part of a ''metastatic signature'' identified by microarray (Ramaswamy et al. 2003) . In stark contrast to observations that RBM5 functions as a tumor suppressor, RBM5 is consistently overexpressed in breast cancer (RintalaMaki et al. 2007 ). Together, these results suggest an important, but likely complex, role for RBM5 in regulating genes important in several cancers.
Given the association with cancer, what are the biological functions of RBM5? A 326-base-pair (bp) fragment of cDNA from the RBM5 locus was identified as a suppressor of Fas-mediated apoptosis in a cDNA screen (Sutherland et al. 2000) . It was soon realized that this encoded an inhibitory RNA complementary to the 39 untranslated region (UTR) of the RBM5 mRNA, and that full-length, sense-oriented RBM5 actually potentiates apoptosis initiated by Fas (Rintala-Maki and Sutherland 2004) . In addition to its role in apoptosis, expression of RBM5 has been found to inhibit proliferation when transfected into several different cell lines (Edamatsu et al. 2000; Oh et al. 2006) . RBM5 also appears to stimulate p53 transcription and promote higher levels of p53 transcripts through an unknown mechanism (Kobayashi et al. 2010 ).
While the results described above all support an important role for RBM5 in apoptosis and cell cycle regulation, apart from its role in Fas and caspase-2 splicing, very little is known about its biochemical functions. Judging from its large number of domains, these are no doubt diverse. In addition, while the effect of RBM5 on caspase-2 splicing (promoting the 2L isoform) appears to be in line with its role in promoting apoptosis, the inhibition of Fas E6 inclusion would be predicted to protect against Fasmediated apoptosis, which runs counter to its demonstrated role in promoting Fas-mediated apoptosis. Unraveling this apparent paradox, which may underlie the differential regulation of RBM5 in distinct cancer types, as well as identifying additional targets and functions of RBM5 (and of RBM6 and RBM10), will be of considerable future interest.
HuR
HuR is another multifunctional RRM-containing protein that is frequently up-regulated in cancer (Blaxall et al. 2000; Lopez de Silanes et al. 2003; Denkert et al. 2004) . HuR (unlike the related proteins HuB, HuC, and HuD) is ubiquitously expressed and shuttles between the nucleus and the cytoplasm. In synchronized cells, the presence of HuR in the cytoplasm is cell cycle-dependent, while a fraction of HuR is constitutively nuclear (Wang et al. 2000) . HuR has a relatively well-characterized role in the cytoplasm, where it binds to mRNAs containing AREs and stabilizes, as well as affects translation of, a large number of mRNAs relevant to proliferation and apoptosis (Lopez de Silanes et al. 2005b; Hinman and Lou 2008) . HuR is subject to regulation by phosphorylation as a result of a number of different signaling pathways, which result in changes in its shuttling ability, as well as its RNA binding (Doller et al. 2008 ). HuR promotes cell proliferation and is one of only a few RBPs for which an oncogenic function has been demonstrated. This was shown in a study in which HuR-overexpressing RKO colon cancer cells, when injected into nude mice, produced much larger tumors than control cells (Lopez de Silanes et al. 2003) .
As mentioned above, HuR functions as a suppressor of apoptosis in cancer cells. HuR knockdown in HeLa cells resulted in apoptosis, while HuR overexpression promoted survival of UV-irradiated HeLa cells (Lal et al. 2005) . HuR binds the mRNA encoding prothymosin a, an inhibitor of apoptosis, as well as that of Bcl-2, stabilizing both transcripts (Lal et al. 2005; Ishimaru et al. 2009 ). While the nuclear role for HuR is much more poorly understood than its cytoplasmic function, a role for HuR in regulating splicing and polyadenylation is beginning to emerge (Hinman and Lou 2008) . The identification of Fas exon 6 as a target of HuR repression is in general agreement with observations that HuR is a repressor of apoptosis (Izquierdo 2008) . This finding may portend a more widespread role for HuR in the regulation of post-transcriptional processing of genes involved in apoptosis and proliferation.
AS regulation of metabolism-pyruvate kinase M AS also plays an important role in the control of metabolism in cancer through the regulation of a key metabolic gene, pyruvate kinase M (PKM). One of the earliest observations of the molecular differences between cancer cells and noncancerous tissue was that cancer cells consume large amounts of glucose and produce prodigious amounts of lactate, even in the presence of oxygen, a process referred to as aerobic glycolysis (also known as the Warburg effect, named for its discoverer) (Warburg 1956 ). This effect was later shown to be shared by noncancerous cells induced to proliferate (Wang et al. 1976) . From an energy production standpoint, the use of glucose in proliferating cells appears wasteful, as glycolytic conversion of glucose to lactate produces only two molecules of ATP per glucose, while oxidative phosphorylation is capable of producing 36 molecules of ATP per glucose molecule (Vander Heiden et al. 2009 ). Why do tumor cells forsake the efficient extraction of energy from glucose, instead opting for high glucose consumption and high glycolytic flux? One explanation is that this allows proliferating cells to use carbon derived from glucose for biosynthetic processes necessary for proliferation (Mazurek et al. 2005; Jones and Thompson 2009; Vander Heiden et al. 2009 ). Multiple glycolytic intermediates represent precursors for the production of nucleotides, lipids, and amino acids, so high glycolytic flux may mean an increased supply of intermediates necessary for growth.
How do proliferating cells reprogram their metabolism to engage in aerobic glycolysis? The Warburg effect requires the shunting of pyruvate from the mitochondria-where, in differentiated cells, it provides the substrate for oxidative phosphorylation-to cytoplasmic conversion to lactate, catalyzed by lactate dehydrogenase (LDH). One important part of this process is increased production of LDH-A, necessary for the final step in aerobic glycolysis, the production of lactate from pyruvate (Fantin et al. 2006) . The oncogenic transcription factor c-Myc is known to promote the up-regulation of LDH-A, as well as of several other glycolytic enzymes, an activity that appears to underlie, in part, the effect of Myc on aerobic glycolysis (Shim et al. 1997; Kim et al. 2004; Dang et al. 2009 ).
AS of the pre-mRNA encoding the enzyme that produces pyruvate, PK, is also an important determinant of how glucose is used in cancerous versus differentiated cells. PKM is the PK gene expressed in all mammalian tissues except liver and erythrocytes (Mazurek et al. 2005) . It is subject to mutually exclusive AS, with exon 9 (E9) or exon 10 (E10) included to produce either the adult isoform, PKM1 (E9), or the embryonic version, PKM2 (E10) (Fig. 2D ). Cantley and colleagues (Christofk et al. 2008a) found that, in tumors (which uniformly express PKM2), replacing PKM2 with PKM1 reduced the production of lactate and increased oxidative phosphorylation, implicating the PKM2 isoform as a promoter of the Warburg effect. Importantly, and consistent with the idea that aerobic glycolysis is vital for cell growth, replacing PKM2 with PKM1 in cancer cells resulted in impaired growth and reduced the ability to form tumors when injected into nude mice. An additional property specific to PKM2 is its ability to bind phosphotyrosine residues, which frequently result from the activation of mitogenic signaling cascades. This results in the release of its allosteric activator, fructose 1-6 bisphosphate, and the transient inhibition of PK activity, which is proposed to promote accumulation of glycolytic intermediates that can then be used for biosynthetic processes (Christofk et al. 2008b) .
The universal switching of tumors to PKM2, along with its functional importance to tumor cells, makes the regulation of this AS event of great interest, because it likely reflects an alteration in the splicing regulatory machinery shared by all proliferating cells. Three hnRNP proteins that often act as splicing repressors-PTB, hnRNP A1, and hnRNP A2-were shown recently to promote the formation of the PKM2 isoform by binding to sequences upstream of and downstream from E9 . siRNA-mediated depletion of these proteins in a variety of cancer cells resulted in switching of the PKM splicing pattern to the production of PKM1, indicating that, in the absence of the repressive hnRNP proteins, the derepressed E9 is able to outcompete E10 for splicing to E11, resulting in the default production of PKM1 (Clower et al. 2010) . Supporting the idea that these three RBPs play an important role in the production of PKM2 in tumors, upregulation of all three proteins correlated perfectly with PKM2 expression in a panel of human gliomas . Consistent with the effect on PKM splicing, depletion of hnRNP A1/A2 or PTB also resulted in decreased lactate production in a glioblastoma cell line (Clower et al. 2010) . The reduction in lactate production appeared greater than would be expected based solely on the effect of knockdown on PKM splicing, indicating that these proteins likely have additional targets relevant to aerobic glycolysis. One possibility is that knockdown of hnRNP A1/A2 and PTB results in impaired translation of c-Myc, a process promoted by both hnRNP A1 and PTB (Mitchell et al. 2005; Jo et al. 2008) .
PKM2 expression appears to be universal in tumors, and likewise the up-regulation of hnRNP A1/A2 and PTB is very widely observed in cancer (see below), suggesting that pathways shared by many tumor types promote the overexpression of these RBPs. Chromatin immunoprecipitation (ChIP) and sequencing (Chip-seq) data revealed binding of c-Myc to the promoters of all three genes (Chen et al. 2008) , suggesting that c-Myc may activate their transcription. Indeed, shRNA-mediated knockdown of c-Myc in NIH-3T3 cells resulted in decreased levels of Alternative splicing in cancer hnRNP A1/A2 and PTB, and switched AS to favor accumulation of the PKM1 isoform . These data suggest that, in addition to its role in up-regulating glycolytic enzymes, c-Myc contributes to the Warburg effect by indirectly regulating PKM splicing . However, the effect of c-Myc knockdown on hnRNP protein levels was not observed in all cells tested , meaning that additional proliferationassociated transcriptional pathways may play a larger role in inducing overexpression of hnRNP A1/A2 and PTB in other contexts.
Regulation of proto-oncogenes by AS
Activation of proto-oncogenes is a classic initiating event in cancer. While this often happens through mutation, it is now clear that changes in AS that are unconnected to mutations can profoundly affect the activity of some oncogenes. Here we discuss two examples of protooncogenes for which AS yields products with distinct functions.
Cyclin D1
Cyclin D1 was first identified as a regulator of cell cycle progression through its association with cyclin-dependent kinase 4 or 6 (CDK4/6) (for review, see Knudsen et al. 2006) . One role of the CDK4/6/cyclin D1 complex is to phosphorylate the transcription factor and tumor suppressor RB, thus relieving RB repression of E2F target genes and promoting cell cycle progression. In addition to its association with CDKs, cyclin D1 was later shown to have CDK-independent nuclear functions as a transcriptional regulator .
It is now known that cyclin D1 is subject to AS/ polyadenylation that results in a more oncogenic protein. Cyclin D1a, the more common full-length variant, contains five exons, whereas a variant isoform known as cyclin D1b is polyadenylated at a site in intron 4 ( Fig. 2E ; Betticher et al. 1995) . Cyclin D1b can be detected in noncancerous cells, but is up-regulated in some cancers such as breast and prostate (Burd et al. 2006; Y Wang et al. 2008) . The D1b isoform, like D1a, associates with CDK4 and appears to regulate CDK activity similarly to D1a (Lu et al. 2003 ). Instead, a major difference between D1a and D1b is that, while D1a shuttles between the nucleus and cytoplasm in a cell cycle-dependent manner, cyclin D1b is constitutively nuclear, likely due to loss of a glycogen synthase kinase 3b phosphorylation site present at the C terminus of D1a (Lu et al. 2003; Solomon et al. 2003) . Phosphorylation at this site results in export from the nucleus and proteolytic degradation, while mutation of this residue results in constitutive nuclear localization and a more oncogenic protein (Alt et al. 2000) . Consistent with the greater transforming potential of the constitutively nuclear D1a mutant, D1b transforms NIH-3T3 cells with much greater efficiency than does D1a (Solomon et al. 2003) . D1b has been shown to associate with the androgen receptor (AR), but, unlike D1a, D1b fails to inhibit AR transcriptional activity, a phenomenon of particular relevance to PCa, which shows frequent upregulation of cyclin D1b (Burd et al. 2006; Comstock et al. 2009 ).
The choice between D1a and D1b production, unlike the other examples described thus far, represents a competition between the splicing of intron 4 and use of a polyadenylation site within the intron. Some insights into factors affecting this alternative processing event are available. A common polymorphism that occurs near the 59 splice site of exon 4 influences the extent of cyclin D1b produced. The G870A polymorphism, with a reported allele frequency of 42% in one European population, has been associated with production of D1b (Betticher et al. 1995; Comstock et al. 2009 ). The polymorphism occurs at the very last nucleotide of exon 4 and may affect the recognition of exon 4 by the splicing machinery. A simple model for how G870A favors D1b production is that the G-to-A alteration results in impaired recognition of E4, resulting in slower kinetics of intron 4 splicing, thus favoring polyadenylation at the intronic site, resulting in production of D1b. Significantly, the G870A allele, which does not alter the encoded protein, is associated with increased risks for multiple cancers, supporting a role for D1b in tumorigenesis .
While the G870A polymorphism appears to affect the production of D1b in normal tissues, in cancer cells production of D1b occurs regardless of the identity of the final E4 nucleotide (Olshavsky et al. 2010) . Consistent with this, RBPs that influence the choice between D1a and D1b have also been identified. Sam68, described above for its role in Bcl-x splicing, has been implicated in favoring the production of D1b (Paronetto et al. 2010) . Binding sites for Sam68 were identified in intron 4, where it either inhibits E4 recognition or promotes polyadenylation in intron 4. A strong correlation between Sam68 expression levels and D1b production was also observed, underscoring the biological significance of these findings. The SR protein SRSF1 (formerly ASF/SF2) has also been shown to bind preferentially to the D1b transcript and promote the production of D1b, and SRSF1 levels were also found to correlate with D1b production (Olshavsky et al. 2010) . The effects of SRSF1 on D1b production were enhanced with the 870G allele, potentially providing an explanation for the fact that, in cancer, both alleles result in similar D1b production. Finally, it has also been reported that an oncogenic fusion between the multifunctional RBP EWS and the transcription factor FLI1, which is found in Ewing's sarcoma, can influence production of D1b. While EWS itself was shown to promote production of full-length D1a, the EWS-FLI1 fusion promoted production of D1b (Sanchez et al. 2008 ). This was proposed to occur due to impaired transcription elongation in the presence of the fusion protein, which would allow more time for polyadenylation to occur in intron 4 before transcription of E5.
H-Ras
The H-Ras gene appears to provide another example of an AS event that produces two proteins with entirely different activities with regard to proliferation. In the late 1980s, Levinson and colleagues (Cohen and Levinson 1988 ) identified an intronic mutation in H-Ras that significantly enhanced H-Ras expression, significantly increasing the transforming potential of the gene. The mutation was soon found to disrupt the 59 splice site of a previously unknown alternatively spliced exon that Cohen et al. (1989) named IDX (Fig. 2F) . The IDX exon and flanking intronic regions are highly conserved in mammals (Fig. 3B) , a strong indication that IDX inclusion is a functionally important regulated AS event (Cohen et al. 1989; Sorek and Ast 2003) .
What is the function of IDX inclusion? The fact that mutation of the IDX splice site results in greatly increased production of full-length H-Ras mRNA led to the initial proposal that one function of the IDX-containing isoform could be to modulate levels of H-Ras production. When included, an in-frame stop codon in IDX (the thirdto-last exon if all downstream introns are removed; see below) results in a presumptive NMD product, which was first proposed to channel much of the H-Ras transcript into a degradation pathway (Cohen et al. 1989 ). This was confirmed by a later study (Barbier et al. 2007 ).
While IDX-containing H-Ras (p19) appears to be an NMD target, Guil et al. (2003a) , using antibodies to the divergent C terminus of p19 H-Ras, found that p19 is indeed expressed in HeLa cells. Specific knockdown of p19 H-Ras resulted in increased proliferation of multiple cell lines (Guil et al. 2003a; Jang et al. 2010 ). p19, in contrast with other Ras proteins, is strongly localized in the nucleus, and was found to bind to p53 and p73 and to promote transcription by the p73 isoform p73b, possibly by preventing an inhibitory interaction between MDM2 and p73 (Jeong et al. 2006) . Because the functions of p19 H-Ras apparently differ greatly from full-length H-Ras, the regulation of IDX inclusion is likely important at some point in development, an idea reinforced by the fact that the IDX exon and its flanking introns are highly conserved in mammals (Fig. 3B) . A number of RBPs have been implicated in the control of IDX inclusion. Using an in vitro splicing assay, Guil et al. (2003b) identified an ISS downstream from IDX that was found to bind hnRNP A1, hnRNP H, and the RNA helicase p68. hnRNP A1 and p68 were both found to negatively regulate IDX splicing, while hnRNP H was shown to promote the production of IDX-containing mRNA. Sequences downstream from IDX are predicted to form an extensive stem-loop structure, leading to speculation that p68 helicase activity plays a role in negatively regulating IDX inclusion, which was proposed to interfere with binding of hnRNP H to that region (Camats et al. 2008) . In addition to investigating the contributions of the hnRNP proteins and helicase, Bach-Elias and colleagues (Guil et al. 2003b ) also provided evidence, using in vitro assays and transient transfections, that the SR proteins SRSF2 and SRSF5 (SRp40) can also function in promoting IDX splicing.
Invasion and metastasis
AS regulates several genes that play important roles in promoting invasive behavior. In addition, a process that often plays a role in the acquisition of invasive behavior in cancer cells, the epithelial-to-mesenchymal transition (EMT), is accompanied by a reprogramming of AS (Thiery et al. 2009 ). Down-regulation of a pair of epithelial-specific splicing factors may underlie many of the changes in splicing that occur during EMT (see below). In the following paragraphs, we discuss several genes in which AS creates isoforms that are associated with metastasis and the acquisition of invasive properties.
CD44
The transmembrane protein CD44 was among the first genes for which specific splice variants were associated with metastasis. In a 1991 report, Herrlich and colleagues (Gunthert et al. 1991 ) demonstrated that CD44 molecules containing variant exons v4-7 and CD44 v6-7 were expressed specifically in a metastasizing pancreatic carcinoma cell line, but not in the parental tumor. Indeed, the expression of these variants in cells derived from the parental tumor was sufficient to render them metastatic. CD44 pre-mRNA is subject to complex AS involving 10 adjacent variant exons that can be included singly or in combination ( Fig. 2G ; Ponta et al. 2003) . Later analyses demonstrated the presence of variant exon-containing CD44 molecules throughout adult mammals in a variety of contexts. For example, the variant exons 8-10 are frequently included in CD44 expressed in epithelial tissues (Galiana-Arnoux et al. 2003) , while the variant exon 6-containing CD44 first observed to be expressed in metastatic cells was shown to be transiently expressed in B and T lymphocytes after antigenic stimulation, an event necessary for lymphocyte activation (Arch et al. 1992) . In an insight into the metastatic properties of CD44 v6, Orian-Rousseau et al. (2002) showed that this molecule is required for the assembly on cell membranes of a ternary complex containing the receptor tyrosine kinase Met, its ligand hepatocyte growth factor (HGF), and CD44 v6 (Orian-Rousseau et al. 2002) . Formation of this complex is necessary for the activation of Met by HGF, an event that is strongly implicated in the acquisition of metastatic properties by cancer cells (Cecchi et al. 2010 ). Additionally, siRNA-mediated knockdown of v5-containing CD44 in HeLa cells resulted in drastically reduced invasion in an in vitro assay, confirming the importance of v5 inclusion in metastatic behavior .
Because of its long-known association with metastasis, the regulatory mechanisms that underlie the changes in CD44 splicing in cancer have been the subject of longstanding interest, particularly centering around variant exons most strongly associated with metastasis (v4-v7). CD44 was among the first genes for which AS was shown to be altered by signaling pathways associated with growth. For example, inclusion of both exon v5 and v6 can be induced by Ras signaling (Konig et al. 1998; WegRemers et al. 2001; . Activation of v5 inclusion by Ras was shown to require the Ras-Raf-MEK-ERK pathway, and it was later demonstrated that ERK directly phosphorylates Sam68, which was shown to bind to v5 (Weg-Remers et al. 2001; Matter et al. 2002) .
ERK phosphorylation was shown to be required for Sam68 to activate v5 inclusion (Matter et al. 2002) , a finding that for the first time showed a direct connection between a mitogenic signaling pathway and splicing control.
FGFRs
Splicing of transcripts of FGFR genes, which encode four closely related receptor tyrosine kinases, is closely connected to EMT and is frequently observed to change during the course of tumorigenesis. The FGFR genes are highly conserved, and FGFR1-3 share a tightly regulated mutually exclusive AS event that determines the composition of the third extracellular Ig domain (Turner and Grose 2010) . For FGFR2, this event, involving the choice between exons IIIb and IIIc, is controlled in an exquisitely cell type-specific manner, with the IIIb exon included in epithelial cells and the IIIc exon included in mesenchymal cells, with nearly complete switching occurring during EMT ( Fig. 2H ; Yan et al. 1993) . EMT, as discussed above, is often a critical event during tumorigenesis, and likewise, switching between the FGFR2 IIIb/IIIc isoforms accompanies crucial changes in tumor behavior. One example of this occurs in PCa cells, which in early stages are dependent on androgen (androgen-sensitive) and can be controlled by therapies that reduce the level of circulating androgen. However, in most cases, the cancer will return in a form that is no longer sensitive to such androgen deprivation (androgen-insensitive). Using a rat PCa model that recapitulates the transition from androgen-sensitive to androgen-insensitive PCa, Garcia-Blanco and colleagues (Carstens et al. 1997) showed that androgensensitive tumors express almost exclusively the FGFR2 IIIb isoform, while androgen-insensitive cells exhibit complete switching to the IIIc isoform.
The switch-like nature of this AS event implies an important function in the two different cell types. The mutually exclusive exons compose part of the ligandbinding domain, and one functional consequence of AS is a change in ligand affinity. For example, the FGFR2 IIIb isoform has high affinity for FGF7, which is secreted by stromal cells, while FGFR2 IIIc does not (Yan et al. 1993) . Because of the role of FGF7 in mediating both proliferation and differentiation of FGFR2 IIIb-expressing cells, it was proposed that loss of responsiveness to this ligand may be an important event in the development of androgen-insensitive PCa (Carstens et al. 1997) . Reintroduction of FGFR2 IIIb into a highly malignant PCa cell line reduced tumor formation and resulted in increased differentiation and apoptosis, suggesting that the switch to FGFR2 IIIc may be important for maximal tumorigenicity (Yasumoto et al. 2004 ). However, a direct comparison of effects of the two isoforms in cancer must be performed before any conclusions can be made about the functional importance of FGFR2 AS in tumor progression.
While much remains to be learned about the functions of FGFR IIIb/c splicing in development and cancer, a great deal is known about how the switch is regulated, which in turn is instructive of changes in splicing that occur during EMT. Two hnRNP proteins frequently overexpressed in cancer-hnRNP A1 and PTB-have been implicated in silencing of the epithelial-specific IIIb exon, while hnRNP H/F proteins can contribute to IIIc silencing (Del Gatto-Konczak et al. 1999; Carstens et al. 2000; Mauger et al. 2008) . There is currently no strong evidence to suggest that changes in the levels of these hnRNP proteins provide an important means of regulating switching from exon IIIb to IIIc. However, differences in recruitment of these proteins to genes offers an additional and, until recently, unexplored potential point of regulation. In a interesting report, Misteli and colleagues (Luco et al. 2010) showed that differences in H3K36 trimethylation can result in differential recruitment of PTB to genes through the histone H3K36 trimethyl-binding protein MRG15. ChIP assays revealed that, in mesenchymal stem cells that repress the IIIb exon, H3K36 trimethylation is increased when compared with epithelial cells in which IIIb is included, a phenomenon proposed to result in increased recruitment of PTB to FGFR2 IIIb in mesenchymal cells.
While the proteins discussed above may play a role in FGFR2 AS regulation, the most important regulators of the IIIb/IIIc AS during EMT appear to be a pair of recently discovered cell type-specific RBPs, ESRP1 and ESRP2 (Warzecha et al. 2009 ). These two RRM-containing proteins, identified in a cDNA screen for splicing factors that promote the epithelial isoform of FGFR2, are expressed exclusively in epithelial-type cells. The two proteins function redundantly, and simultaneous knockdown of the two in an epithelial cell line promoted a complete reversal of FGFR2 splicing to exon IIIc, while transfection of ESRP1 or ESRP2 expression vectors into cells that express the IIIc exon had the opposite effect. The complete nature of the IIIb/IIIc switching induced by ESRP1/2 knockdown in an epithelial cell line (from 95% IIIb to 96% IIIc), along with the perfect correlation of ESRP1/2 expression and IIIb inclusion, indicates that expression of these RBPs is the primary determinant of FGFR2 IIIb/IIIc inclusion.
To examine FGFR2 splicing in vivo, Garcia-Blanco and colleagues (Oltean et al. 2006 ) developed a minigene reporter system designed to express RFP in cells in which exon IIIc is not included. They injected mesenchymal AT3 prostate tumor cells expressing the minigene into mice and found that, after invading the lungs, the tumor cells frequently exhibited IIIc skipping, indicative of a mesenchymal-to-epithelial transition (MET), which was confirmed by the presence of the epithelial marker E-cadherin. This result indicates that, in addition to EMT, the reverse transition MET also occurs during tumor progression, and this process entails a reversion to epithelial splicing patterns. While it remains to be examined directly, much of the altered AS that occurs during MET is likely the result of re-expression of ESRP1/2. FGFR1 is subject to another AS event that is of possible relevance to cancer. The a-exon, which comprises one of the extracellular Ig-like domains, is normally included in the brain, but in a variety of gliomas it was found to be skipped, producing an isoform named FGFR1b (Yamaguchi et al. 1994 ). The skipping of the a-exon is most drastic in the most aggressive glioma, glioblastoma multiforme (GBM). The FGFR1b isoform has higher affinity for FGF1, a feature that might contribute to tumor growth (Wang et al. 1995) . The inclusion of the a-exon was shown to be repressed by PTB, which is overexpressed in GBMs (Jin et al. 2003 ).
Rac1
Rac1 is another Ras superfamily GTPase that, as a result of AS, can exist as an alternative isoform with important functional consequences in cancer cells. Like Ras, Rac1 cycles between an active GTP-bound form and an inactive GDP-bound form. The best studied function of the canonical isoform of Rac1 is regulation of cell migration through its control of lamellipodial protrusion (Bosco et al. 2009 ). Additional roles in cell proliferation and the creation of reactive oxygen species have also been uncovered (Kheradmand et al. 1998; Bosco et al. 2009 ). Rac1 has been shown to activate transcription by NFkB as well as the AKT kinase, both important pathways in many cancers (Keely et al. 1997; Perona et al. 1997) . Unlike Ras, however, activating mutations of Rac1 are found infrequently in cancer, although mutations analogous to those that activate Ras have been engineered into Rac1 and the mutant protein found to be capable of transforming NIH-3T3 fibroblasts (Qiu et al. 1995; Schnelzer et al. 2000) .
While mutation of Rac1 might be rare, in 1999 it was found that Rac1 pre-mRNA is frequently alternatively spliced in colorectal cancer to produce a previously unknown isoform named Rac1b, which contains a new internal 57-nt exon, 3b ( Fig. 2I ; Jordan et al. 1999) . This isoform showed a striking pattern of tumor-specific expression in a set of colorectal tumors when compared with neighboring noncancerous tissue, and was most upregulated (with reference to the normal Rac1 isoform) in metastatic disease. This was soon followed by a report of the same isoform up-regulated in breast cancer (Schnelzer et al. 2000) . Exon 3b and surrounding intronic sequences show considerable conservation in vertebrates, suggesting that 3b inclusion is an important event during development.
Inclusion of exon 3b maintains the reading frame and adds 19 amino acids to a region immediately C-terminal to the switch II region, which, along with switch I, is critical for relaying the GTP/GDP-binding status of Rac1 to downstream effectors (Fiegen et al. 2004 ). Importantly, biochemical assays performed by multiple groups showed that Rac1b exhibits reduced intrinsic GTPase activity, but increased GDP/GTP exchange, expected to result in a higher level of constitutive activation (Schnelzer et al. 2000; Fiegen et al. 2004; Singh et al. 2004) . Consistent with this observation, Rac1b, unlike Rac1, was able to cooperate with an activated mutant of Raf-1 to transform NIH-3T3 cells (Singh et al. 2004) . Expression of Rac1b is critical for cell viability in at least one colorectal cancer cell line: Caco-2 ). An important insight into the biological function of Rac1b in cancer was provided by a study showing that induction of Rac1b splicing is critical in mediating malignant transformation mediated by matrix metalloproteinase-3 (MMP-3) (Radisky et al. 2005) . Addition of MMP-3 to mammary epithelial cells causes them to undergo EMT, leading to increased invasiveness and to genomic instability. Significantly, this process also leads to the production of Rac1b, and isoform-specific knockdown of Rac1b both reversed the effects of MMP3 on cell motility and also led to reduced production of reactive oxygen species that were shown to be responsible for the observed genomic instability (Radisky et al. 2005) .
The generation of Rac1b is thus closely connected to fundamental changes such as EMT that occur during tumorigenesis, making the regulation of the splicing event extremely interesting. To investigate the regulation of Rac1 splicing, Jordan and colleagues (Goncalves et al. 2009 ) transiently overexpressed a variety of well-known splicing factors and found that SRSF1 overexpression resulted in increased exon 3b inclusion, while SRSF3 (SRp20) and SRSF7 (9G8) had the opposite effect. These results were confirmed using siRNA knockdowns. Jordan and colleagues (Goncalves et al. 2009 ) went on to show that inhibition of the Wnt/b-catenin pathway resulted in decreased SRSF3 levels and increased Rac1b. In accordance with this, the transcriptional activity of b-catenin negatively correlated with Rac1b in colorectal cancer cell lines (Goncalves et al. 2008) . Additionally, inhibition of the PI3K/AKT pathway was found to promote increased SRSF1 levels, as well as increased Rac1b. The fact that the Wnt/b-catenin pathway appears to inhibit Rac1b splicing in colorectal cancer cell lines appears to pose a paradox, since this pathway is up-regulated during MMP3-mediated EMT (Radisky et al. 2005 ). Additional work is necessary to unravel the complexity of Rac1 splicing regulation in the various contexts in which it has been observed.
Ron
Like Rac1, AS of Ron transcripts (which encode the receptor of the macrophage-stimulating protein [MSP] ) in cancer cells is closely tied to the invasive phenotype. Ron is a heterodimeric transmembrane receptor tyrosine kinase composed of an a chain and a b chain, each derived from proteolytic cleavage of a common precursor (Lu et al. 2007 ). Under normal conditions, binding of MSP to Ron results in tyrosine autophosphorylation of the receptor, leading to activation of signaling pathways that result in increased motility and invasive growth (Ghigna et al. 2005; Wagh et al. 2008) . In 1996, a Ron variant missing exon 11, termed D-Ron, was found to be expressed in the gastric carcinoma cell line KATO-III ( Fig. 2J ; Collesi et al. 1996) . The D-Ron isoform and several additional ASgenerated isoforms have been found in additional epithelial cancers, including colorectal and breast cancer, and expression of these isoforms correlates with metastasis (Zhou et al. 2003; Ghigna et al. 2005 ). E11 skipping results in an in-frame deletion of 49 amino acids from the membrane-proximal extracellular domain, leading to a failure to undergo proper proteolytic processing and constitutive activation of the protein (Collesi et al. 1996) .While incapable of transforming NIH-3T3 cells, expression of D-Ron in two different cell types resulted in increased motility in the absence of MSP, indicating that D-Ron indeed functions as a constitutively active receptor in promoting invasive behavior.
Like the constitutively active Rac1b isoform described above, the production of D-Ron can be mediated by SRSF1 (Ghigna et al. 2005) . SRSF1 was found to bind to an ESE present in E12 and to promote E11 skipping when overexpressed. The importance of SRSF1 for D-Ron production was confirmed by knockdown experiments that demonstrated conclusively that SRSF1 expression levels can be an important determinant of the ratio of fulllength Ron to D-Ron. Consistent with its effect on Ron splicing, SRSF1 overexpression had a profound effect on cell motility and morphology. Perhaps most interestingly, SRSF1 overexpression resulted in the hallmark changes of EMT, including down-regulation of E-cadherin and changes in b-catenin localization. Active Ron is known to activate EMT, and, accordingly, the effect of SRSF1 overexpression was reversed by D-Ron-specific siRNAs, indicating that regulation of Ron splicing is the key event mediating the effect of SRSF1 on cell motility (Bardella et al. 2004; Wang et al. 2004 ).
Regulation of angiogenesis: VEGFA
Angiogenesis is another area of cancer biology in which AS plays an important regulatory role. VEGFA transcripts, which encode the key ligand secreted by tumors in response to hypoxia to promote the formation of new blood vessels, are extensively alternatively spliced . Perhaps the alternate isoform with the most pertinence to cancer was discovered in 2002, when a variant differing only in the final six amino acids was identified (Bates et al. 2002; Harper and Bates 2008) . This six-amino-acid change occurred due to the choice of a distal 39 splice site in the final exon (Fig. 2K) . The most abundant isoform resulting from use of this 39 splice site, VEGF165b, was distributed throughout most adult tissues, in some cases representing the major VEGF isoform. While canonical VEGF was broadly up-regulated in kidney carcinomas, VEGF165b was undetectable in most tumors examined. The same pattern of VEGF165b down-regulation was observed in several other cancer types, including PCa and malignant melanoma (Woolard et al. 2004; PritchardJones et al. 2007) .
VEGF165b was quickly shown to be an inhibitor of angiogenesis, providing yet another example of an AS event that produces antagonistic isoforms (Bates et al. 2002; Woolard et al. 2004) . How does what appears to be a minor modification in VEGF result in such drastically different properties? The canonical form of VEGFA binds to VEGF receptor 1 (VEGFR1) or VEGFR2, as well as coreceptors neurophilin 1 (NRP1) and heparan sulfate proteoglycan (HSPG) (Olsson et al. 2006) . Binding to VEGFR2 expressed on endothelial precursors by VEGFA is a critical event in the formation of new blood vessels. VEGFA binding to VEGFR2 as well as NRP1 results in dimerization of VEGFR2 and activation of receptor tyrosine kinase activity, leading to autophosphorylation of key residues necessary for signaling events required for formation of new vasculature (Olsson et al. 2006 ). VEGF165b, unlike VEGF165, fails to engage NRP1 in a multimeric complex on the cell surface, required for full VEGFR-induced signal transduction (Kawamura et al. 2008) . VEGF165b binding to VEGFR2 also fails to result in phosphorylation of the critical residue Y1054, which is necessary for full activation of VEGFR tyrosine kinase activity (Kawamura et al. 2008) . VEGF165b was originally proposed to inhibit angiogenesis by acting as a competitive inhibitor of isoforms that promote activation of VEGFR2, although other possibilities, such as activation of alternate signal transduction cascades upon binding VEGFR, cannot be ruled out .
Investigation into the regulation of VEGFA splicing has yielded some interesting insights into the pathways and splicing factors involved in regulating the choice between the proximal and distal sites in the final exon. Nowak et al. (2008) examined the effects of three growth factors known to up-regulate VEGFA expression on VEGFA splicing. They found that insulin-like growth factor 1 (IGF1) and TNFa promoted up-regulation of the canonical isoform of VEGFA and down-regulation of VEGF165b, while TGFb1 also up-regulated VEGFA expression but had the opposite effect on splicing. Inhibition of the p38 MAPK, activated by TGFb1 signaling, reversed the effect of TGFb1 on VEGFA splice site selection. The increase in VEGFA expression, as well as the splicing switch in favor of the canonical isoform in IGF1-treated cells, was inhibited when cells were treated simultaneously with inhibitors of protein kinase C (PKC) or the SR protein kinases SRPK1/2 (Nowak et al. 2010) .
That inhibition of SRPK1/2 affects splice site choice in the VEGFA transcript implies that SR proteins are involved in regulating the choice between the angiogenic and anti-angiogenic forms of VEGFA. Predicted binding sites for SRSF1 and SRSF5 were identified within exon 8a (included in the canonical isoform), upstream of the distal splice site (DSS), and overexpression of these two SR proteins indeed promoted an increase in VEGF165/ VEGF165b ratio (Nowak et al. 2008 ). In addition, SRSF6 (SRp55)-binding sites were found downstream from the DSS in exon 8b, and SRSF6 overexpression strongly promoted the use of the DSS and expression of VEGF165b (Nowak et al. 2008) . Furthermore, IGF1 treatment of cells resulted in an increase in SRSF1 nuclear localization, a phenomenon dependent on SRPK1/2. Although it would be important to confirm these results with appropriate siRNA knockdowns, these findings suggest a pathway that connects a growth factor that promotes vascularization (IGF1) with the alteration of an AS event by several SR proteins in favor of a proangiogenic form of VEGFA.
hnRNP and SR proteins in proliferation and cancer
The first proteins identified to regulate AS belong to the SR and hnRNP protein families (Dreyfuss et al. 1993; Fu 1995; Manley and Tacke 1996) . As detailed above, several members of these two protein families have been shown recently to play important roles in proliferation and cancer.
Here we examine the regulation and functions of these proteins.
hnRNP A/B family proteins hnRNPs A1, A2, and A3 constitute the hnRNP A/B family of RBPs. With the exception of hnRNP A3, these proteins have been studied extensively and implicated in a variety of processes, and are expressed in a proliferationassociated manner. A connection between increased hnRNP A1 expression and proliferation was established well before the functions of A1 in regulation of gene expression were understood (LeStourgeon et al. 1978) . It was later demonstrated that transcription of the hnRNP A1 gene could be induced by growth factor stimulation of cells, while differentiation of some cell types resulted in decreased A1 levels (Planck et al. 1988; Minoo et al. 1989; Biamonti et al. 1993) . In healthy adult tissues, the expression of hnRNP A1/A2 appears confined to proliferating cells, such as those in the basal layer of the skin, although they are also expressed in some neurons (Patry et al. 2003) . Extending the analysis of A1 levels to an in vivo model of mouse lung tumorigenesis, Zerbe et al. (2004) showed that nuclear A1 protein levels were dramatically increased in tumors compared with surrounding nonneoplastic cells (Zerbe et al. 2004) . Furthermore, induction of nonneoplastic proliferation in the lung was sufficient to lead to increased hnRNP A1 levels, which were further increased in tumors. Importantly, hnRNP A1 has been shown to be up-regulated in a wide variety of cancers, including breast, colorectal, and lung, and, as described above, gliomas (Pino et al. 2003; Ushigome et al. 2005; Li et al. 2009; David et al. 2010) . Likewise, hnRNP A2 is consistently overexpressed in a wide range of cancers (Zhou et al. 2001; Yan-Sanders et al. 2002; Wu et al. 2003) . hnRNP A2 is expressed at high levels during mouse lung development, then down-regulated in the adult lung, indicating an important role during highly proliferative periods of normal development and confirming the connection between proliferation and hnRNP A2 up-regulation (Montuenga et al. 1998) .
Increased expression of hnRNP A/B proteins has important functional consequences. For one, it was found to have a protective effect against apoptosis, possibly in part through an effect on AS of caspase-2 pre-mRNA (Jiang et al. 1998 ). In addition, depletion of hnRNP A/B proteins in Colo16 cells resulted in reduced proliferation, with hnRNP A2 playing a particularly important role (Jiang et al. 1998; He et al. 2005) . Consistent with an important role in tumors, siRNA-mediated knockdown of hnRNP A1/A2 in cancer cells, but not normal cells, can result in apoptosis (Patry et al. 2003) .
hnRNP A/B proteins are multifunctional, and many of these functions appear consistent with a role in proliferation. The regulation of pre-mRNA splicing was one of the earliest known functions of hnRNP A1, a function it often carries out by binding to ESS sequences and repressing exon inclusion (Mayeda and Krainer 1992; Del GattoKonczak et al. 1999) . hnRNP A1 bound to ISS sequences can also promote exon exclusion, possibly through a mechanism that involves self-interaction of A1 molecules bound to distal sites and loop formation (Blanchette and Chabot 1999; Kashima et al. 2007 ). While best characterized as repressors of splicing, hnRNP A/B proteins can also activate inclusion of some exons (Martinez-Contreras et al. 2006; Venables et al. 2008) . As observed in PKM splicing regulation , hnRNP A1 and A2 frequently function redundantly in splicing regulation (Kashima and Manley 2003; Licatalosi and Darnell 2010) . However, a genome-wide approach indicated that hnRNP A1/A2 targets may, in fact, be quite divergent (Venables et al. 2008 ). Additional investigation is required to establish the extent of their redundancy, and whether any redundancy exists with a third family member, hnRNP A3, which shares more identity with hnRNP A1 than A2 does. A recent report demonstrated a unique function for hnRNP A2, connecting AS regulation with invasive tumor cell behavior (Moran-Jones et al. 2009 ). Moran-Jones et al. (2009) found that hnRNP A2 was required for two different cell lines to invade matrigel or to migrate on a cell-derived matrix. Using an exon array, they also showed that hnRNP A2 promotes inclusion of exon 2 in transcripts of the gene encoding a p53 target, TP53INP2, in invasive cells, and that inclusion of this exon is important for invasive behavior.
Despite its important role as a splicing repressor, there have been relatively few reports implicating changes in hnRNP A/B levels in regulation of AS during normal development. In one example, hnRNP A1 and A2 were shown to repress exon 16 inclusion in the protein 4.1R transcript. Differentiation of erythroblasts accompanied an AS switch to exon 16 inclusion, a process that coincided with down-regulation of hnRNP A1 and A2 (Hou et al. 2002) . Because up-regulation of hnRNP A1/A2 appears to be shared by most if not all proliferating cells, it will be interesting to see if additional proliferation/ differentiation-associated changes in AS are the result of changes in hnRNP A1/A2 levels.
In addition to its role in splicing, hnRNP A1 has numerous additional functions that involve nucleic acid binding. In another role that is likely significant in cancer, human A1 has been implicated in lengthening and maintaining telomeres, a function that is conserved in C. elegans and possibly yeast (Lin and Zakian 1994; LaBranche et al. 1998; Joeng et al. 2004) . A1 binds to the single-stranded telomeric DNA repeat sequence TAGGGT (a sequence almost identical to the high-affinity SELEXbinding site identified for A1 using RNA), where it is capable of stimulating telomerase activity (Burd and Dreyfuss 1994; Zhang et al. 2006) . A similar function has been shown for hnRNP A2 (Kamma et al. 2001) . hnRNP A1 shuttles between the nucleus and cytoplasm, and also has a well-established role in regulating translation of mRNAs through its binding to internal ribosome entry sites (IRES), present in the 59 UTR of many mRNAs. Binding to such sites in the cyclin D1 and c-Myc mRNAs results in increased translation, making hnRNP A1 an important positive regulator of critical proto-oncogene expression (Jo et al. 2008) . The fact that hnRNP A1 is transcriptionally up-regulated by c-Myc and itself promotes the expression of c-Myc (see above) indicates that these two proteins may Cold Spring Harbor Laboratory Press on August 14, 2017 -Published by genesdev.cshlp.org Downloaded from constitute a positive feedback loop in some circumstances. An additional recently discovered activity of hnRNP A1 is in microRNA (miRNA) biogenesis. A1 was shown to promote processing of miRNA-18a, a miRNA frequently overexpressed in cancer (Guil and Caceres 2007; Motoyama et al. 2009 ). In light of its newfound role in regulating expression of miRNAs, it will be interesting to see if changes in hnRNP A1 expression are responsible for some of the large-scale changes in miRNA expression observed in cancer.
PTB PTB also has a myriad of functions in cancer. The splicing-repressive functions of PTB are best studied, although it is also clear that it can promote inclusion of some exons (Xue et al. 2009 ). Like hnRNP A/B proteins, PTB is expressed throughout development, then downregulated in many adult tissues, most notably brain and muscle (Boutz et al. 2007a; Makeyev et al. 2007 ). In differentiating neurons, PTB is replaced by a related protein, nPTB, which binds to similar sequences but functions as a weaker splicing repressor than PTB (Markovtsov et al. 2000; Boutz et al. 2007b) . PTB has been shown to be overexpressed in ovarian cancer as well as gliomas (Jin et al. 2003; He et al. 2007; David et al. 2010) . Like hnRNP A2, PTB promotes invasive behavior in a number of cancer cell types (He et al. 2007; Cheung et al. 2009 ). In glioma-derived cells, the increased inclusion of exon 3 in the RTN4 transcript, which is inhibited by PTB, appears to underlie the adverse effects of PTB depletion on cell migration (Cheung et al. 2009 ). PTB also exerts an effect on cell migration by binding to mRNAs encoding vinculin and a-actinin 4 and localizing to focal adhesions upon cell adhesion (Babic et al. 2009 ). PTB depletion reduced the number of cell protrusions and reduced the amount of vinculin mRNA present at the cellular edge.
PTB also plays significant roles in translation. In another parallel with hnRNP A1, PTB has been found to bind to the c-Myc IRES sequence, where it up-regulates c-Myc translation synergistically with another RBP, YB-1 (Cobbold et al. 2010) . Cobbold et al. (2010) found a striking correlation between c-Myc and PTB protein levels, both of which were elevated in multiple myeloma cell lines compared with B-cell lines. A similar correlation between c-Myc and PTB (as well as hnRNP A1/A2) levels was observed in gliomas . Like hnRNP A1/A2, the level of PTB in some cell types is up-regulated by c-Myc, again potentially forming the basis of a positive feedback loop. In addition to c-Myc, PTB was found to bind to most if not all putative IRES elements present in a large number of target mRNAs involved in proliferation and apoptosis (Mitchell et al. 2005) . The translational activity of PTB was shown to be important for the up-regulation of translation of a subset of apoptotic mRNAs upon the induction of TRAIL-induced apoptosis (Sawicka et al. 2008 ). In addition, PTB binds to the IRES of the CDK inhibitor p27
Kip1 and promotes its translation (Cho et al. 2005) . Depletion of PTB by siRNA-mediated knockdown resulted in a shortened G 1 phase, indicating that control of p27
Kip1 may play an important role in cell cycle regulation. So, while PTB is frequently overexpressed in cancer, it can have proapoptotic and anti-proliferative effects through its effect on translation of specific mRNAs. cAMP-dependent PKA phosphorylation of PTB results in its redistribution to the cytoplasm, a phenomenon shown to result in PTB-mediated stabilization of insulin mRNA in response to cAMP signaling Knoch et al. 2006 ). It will be of interest to determine in more detail how the various activities of PTB are regulated during development and dysregulated in cancer.
SRSF1
The SR protein with the best-demonstrated role in cancer is SRSF1. As discussed above, SRSF1 has been implicated in a number of cancer-associated changes in AS events related to cell motility (Rac1 and Ron) and proliferation (Cyclin D1). Consistent with this, Krainer and colleagues (Karni et al. 2007 ) demonstrated that the gene encoding SRSF1 can function as a proto-oncogene. SFSR1 expression was shown to be up-regulated frequently in cancer (sometimes by amplification of its chromosomal locus).
In addition, overexpression of SRSF1 resulted in transformation of immortalized cell lines, while reduction of SRSF1 levels in transformed cells reversed the malignant phenotype. Karni et al. (2007) hypothesized that some of the effects of SRSF1 overexpression on the transformed phenotype were due to altered AS, and examined candidate genes in signaling pathways frequently deregulated in cancer for changes in AS. For one gene, encoding the translational regulator S6K1, AS/polyadenylation creates a truncated product, dubbed isoform 2. This mRNA and its truncated protein product were up-regulated in cells overexpressing SRSF1, and isoform 2 itself was found to be sufficient to transform cells. In addition, SRSF1 overexpression promoted AS of the mRNA encoding the tumor suppressor BIN1, producing an isoform with no tumor suppressor activity. SRSF1 also plays a more direct role in translation, promoting cap-dependent translation requiring eIF4E, the deregulation of which can have oncogenic consequences (Karni et al. 2008; Michlewski et al. 2008 ). This appears to occur in part due to the activation by SRSF1 of mTORC1 through an unknown mechanism (Karni et al. 2008) . Like hnRNP A1, SFSR1 has been shown to have a splicing-independent role in promoting the maturation of several miRNAs, some of which are themselves up-regulated in cancer (Wu et al. 2010 ).
Control of SR protein phosphorylation by signaling pathways
Phosphorylation of SR proteins, most notably on serines in the SR-rich domains that give them their name, is an important determinant of their localization and activity (Shepard and Hertel 2009) . Regulation of SR protein activity by phosphorylation has now been implicated in a cancer-associated AS event. Specifically, the EDA exon of the fibronectin (Fn) transcript, an extracellular matrix protein involved in cell adhesion and migration, is expressed at low levels in adult tissues, and its inclusion has been shown to be a highly specific marker of liver metastasis (Rybak et al. 2007 ). Importantly, the EDAcontaining variant appears to promote cellular proliferation to a greater extent than the EDA-lacking variant, indicating a potential functional importance in cancer progression (Manabe et al. 1999) . Srebrow and colleagues (Blaustein et al. 2004 ) demonstrated that growth factors can promote EDA inclusion, and went on to demonstrate that this required the activity of PI3K. Furthermore, activation of the AKT kinase, a key mediator of PI3K signaling in response to growth signals, was capable of activating EDA inclusion ( Fig. 4 ; Blaustein et al. 2005) . AKT was shown to be capable of phosphorylating SR proteins SRSF1 and SRSF7 in vitro (Blaustein et al. 2005 ). These two proteins had been shown to activate splicing of the EDA exon, suggesting the possibility that direct AKT phosphorylation of SR proteins might underlie the change in Fn splicing in response to growth factors. AKT phosphorylation of SRSF1 and SRSF7 occurred mainly in the RS domain, which contains multiple consensus AKT phosphorylation sites (RXRXXS/T). However, the effect of AKT activation of Fn splicing was opposite the effect of overexpression of either SRPK1 or another SR protein kinase, Clk/Sty (Colwill et al. 1996) , and the intracellular distribution of the SR proteins was unchanged in response to AKT activation, in contrast to SRPK1 and Clk/Sty activation. This indicates that SR protein phosphorylation by AKT differs from that by SRPK1 and Clk/Sty. Providing additional support for the notion that AKT activation can affect splicing through SR protein phosphorylation, another study suggested that SRSF5 may similarly be regulated by AKT phosphorylation (Patel et al. 2005) . Future studies will be necessary to show that the effects of AKT on AS are indeed mediated by direct SR protein phosphorylation, and, if so, how AKT phosphorylation of SR proteins affects their splicing activities.
Conclusions
The above examination of a limited number of important AS events in cancer provides only a small window into the regulation of splicing in cancer. However, a few themes are apparent from these examples. For one, some growth pathways are able to influence splicing through their control of splicing factor expression or post-translational modifications. c-Myc-mediated up-regulation of PTB, hnRNP A1, and hnRNP A2; AKT phosphorylation of SR proteins; and the regulation of Sam68 activity by ERK and Fyn provide examples of this. The dysregulation of these pathways in cancer thus contributes to large-scale changes in AS as well as to alterations in other areas of gene expression controlled by these proteins. Gaining a better understanding of the pathways that lead to upregulation of key AS regulatory proteins will be of future interest. Because post-translational modifications often have profound effects on the activity of splicing factors, a full understanding of AS regulation in cancer will likely require additional discoveries in this challenging area. A second theme that emerges is that RBPs that regulate AS are all multifunctional, and many of their activities (with some exceptions) appear to be functionally aligned. Systematic analysis of cancer-associated RBPs through the use of genome-wide methods will identify additional targets for these proteins and provide further insight into the extent of ''biological coherence'' in the processes they regulate (Licatalosi and Darnell 2010) , but it should also be apparent that additional mechanistic studies will be needed to understand fully the diverse functions of these proteins and how they contribute to control of cell proliferation in normal and transformed cells. There is certainly much more to learn about splicing regulation in cancer. The list of splicing regulatory proteins that control AS in cancer is very likely to expand, as is the number of genes affected. Nonetheless, significant insights have been obtained from examination of the relatively small number of splicing events reviewed here, and it is now apparent that dysregulation of AS plays critical roles in numerous cancers and at multiple points in disease progression. It is hoped that future studies will not only provide a deeper understanding of the role of AS in cancer, but also suggest possible therapeutic approaches.
